Induction of apoptosis has been documented during infection with a number of different viruses. In this study, we used transmission electron microscopy (TEM) and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling to investigate the effects of Ebola and Marburg viruses on apoptosis of different cell populations during in vitro and in vivo infections. Tissues from 18 filovirus-infected nonhuman primates killed in extremis were evaluated. Apoptotic lymphocytes were seen in all tissues examined. Filoviral replication occurred in cells of the mononuclear phagocyte system and other well-documented cellular targets by TEM and immunohistochemistry, but there was no evidence of replication in lymphocytes. With the exception of intracytoplasmic viral inclusions, filovirus-infected cells were morphologically normal or necrotic, but did not exhibit ultrastructural changes characteristic of apoptosis. In lymph nodes, filoviral antigen was co-localized with apoptotic lymphocytes. Examination of cell populations in lymph nodes showed increased numbers of macrophages and concomitant depletion of CD8 ϩ T cells and plasma cells in filovirus-infected animals. This depletion was particularly striking in animals infected with the Zaire subtype of Ebola virus. In addition, apoptosis was demonstrated in vitro in lymphocytes of filovirus-infected human peripheral blood mononuclear cells by TEM. These findings suggest that lymphopenia and lymphoid depletion associated with filoviral infections result from lymphocyte apoptosis induced by a number of factors that may include release of various chemical mediators from filovirus-infected or activated cells, damage to the fibroblastic reticular cell conduit system, and possibly stimulation by a viral protein. (Lab Invest 2000, 80:171-186).
I
nfections with filoviruses cause severe and often fatal hemorrhagic disease in humans and nonhuman primates, killing up to 90% of infected individuals. Ebola (EBO) and Marburg (MBG) viruses comprise the family Filoviridae (Murphy et al, 1995) . The EBO species consists of the Zaire and Sudan subtypes first isolated during separate outbreaks in 1976, the Reston subtype initially isolated from monkeys imported from the Philippines to the United States in 1989, and the Cô te d'Ivoire subtype discovered in the Tai Forest of the Ivory Coast in 1994. The recent re-emergence of EBO subtype Zaire (EBO-Z) in former Zaire and Gabon, and subtype Reston (EBO-R) in the United States, are but the last of a succession of filoviral outbreaks that have occurred sporadically since the initial zoonotic outbreak of MBG in 1967. Although outbreaks have been self-limiting, the lack of proven effective prophylactic or therapeutic regimens to treat filoviral infections has heightened concerns about the public health threat of these pathogens.
The factors contributing to the development of severe lesions in EBO and MBG hemorrhagic fevers are unknown. Filoviral infections of humans and nonhuman primates are characterized by a failure of the host immune response associated with the onset of marked lymphopenia, lack of inflammation in infected tissues, severe lymphoid degeneration, and lack of a humoral response in some fatal cases Peters et al, 1996) . Morphological studies of EBO and MBG virus-infected primate and rodent tissues have demonstrated a predilection for liver and lymphatic tissues and showed that cells of the mononuclear phagocyte system (MPS) are primary sites of replication (Connolly et al, 1999; Geisbert and Jaax, 1998; Geisbert et al, 1992; Jaax et al, 1996; Ryabchikova et al, 1999; Zaki and Goldsmith, 1999) . In addition, Feldmann et al (1996) reported that cultured human monocytes and macrophages are highly susceptible to filoviral infections resulting in cell death and massive production of infectious particles (Feldmann et al, 1996) . Replication of filoviruses has been reported in other cell types including endothelial cells, epithelial cells, fibroblasts, fibroblastic reticular cells (FRC), hepatocytes, and adrenalcytes (Davis et al, 1997; Geisbert et al, 1992; Jaax et al, 1996) .
Contrary to an initial report (Baskerville et al, 1985) , we showed that lymphocytes are refractory to filovirus infection in vivo and in vitro (Geisbert et al, 1992; Jaax et al, 1996; Davis et al, 1997; Geisbert and Jaax, 1998) . We hypothesized that the death and depletion of lymphocytes was induced by cytokines or other mediators released from infected macrophages or possibly endotoxins. Previous studies described the destruction of lymphoid tissue and loss of lymphocytes as necrosis (Geisbert et al, 1992; Jaax et al, 1996) . In a recent report, we described lymphoid cell depletion seen in B-cell follicles of EBO-Z-infected monkeys as apoptosis and/or necrosis (Davis et al, 1997) . A subsequent evaluation of stored blood samples suggested that intravascular apoptosis may be associated with fatal outcome in EBO-infected patients (Baize et al, 1999) . However, these studies did not definitively differentiate between apoptosis and necrotic cell death of lymphocytes or other cells. Due to the recent recognition of the apoptotic cell death pathway, much attention has been focused on distinguishing between apoptotic and necrotic cell death in viral pathogenesis. There has been much confusion and debate in the literature regarding the terminology of the processes of cell injury and cell death. Some authors recognize two types of prelethal reactions to cell injury: oncosis, and apoptosis. They use the term necrosis to describe changes secondary to cell death by any mechanism including apoptosis (Majno and Joris, 1995; Trump et al, 1997) . Other authors categorize the pathways of cell death as either apoptosis or necrosis (Granville et al, 1998; Harmon et al, 1998) . We have used the latter terms to simplify our findings.
Apoptosis is morphologically and biochemically distinct from necrosis (Kerr et al, 1972; Majno and Joris, 1995) . These differences have been well documented in recent reviews (Granville et al, 1998; Majno and Joris, 1995) . Briefly, during apoptosis cells undergo nuclear and cytoplasmic condensation and then fragment into apoptotic bodies that contain normal organelles and intact membranes. These cellular components are phagocytosed by macrophages or neighboring cells without eliciting an immune response. Necrosis, in contrast, is characterized by rapid enlargement of cells and damage to organelles and plasma membrane leading to cell lysis and an inflammatory response. A number of viruses induce apoptosis either directly (Lewis et al, 1996; Oberhaus et al, 1997) or indirectly (Carrasco et al, 1996; Finkel et al, 1995; Sur et al, 1998) . In general, the molecular pathways by which viruses induce apoptosis are not well understood. Apoptosis may be initiated in response to viral proteins or cellular signals. Several cellular proteins, including bcl-2, p53, myc, and c-fos, regulate this process.
Necrosis and apoptosis can be differentiated morphologically by transmission electron microscopy (TEM) and by the pattern of DNA fragmentation (Kerr et al, 1972; Majno and Joris, 1995) . TEM is currently considered to be the most reliable tool for evaluating specific modes of cell death because ultrastructural changes in cells undergoing apoptosis are highly specific (Arends and Wyllie, 1991; Harmon et al, 1998) . Recently, several authors described an in situ terminal deoxynucleotidyl transferase mediated deoxyuridine triphosphate nick-end labeling (TUNEL) (DNA fragmentation) assay that permits detection of apoptosis by light microscopic examination of paraffinembedded tissue sections (Lewis et al, 1996; Oberhaus et al, 1997) . The TUNEL assay is particularly useful for rapidly screening tissues for evidence of apoptosis. However, single-stranded DNA ends can be detected in necrotic cells, causing false-positive signals (Collins et al, 1997) ; therefore, ultrastructural surveys are usually employed in conjunction with TUNEL to confirm apoptosis.
Although there have been more than 700 fatal cases of human filoviral infection, tissues from only a handful of cases are available for study. Logistical problems including cultural mores and environmental influences have hampered the collection of useable material. Preservation of these tissues is usually poor, making any morphological interpretations difficult, including evaluation of these tissues for evidence of apoptosis. Thus, we used tissues collected from nonhuman primates experimentally infected with EBO and MBG viruses to assess the role of apoptosis in filoviral disease. The in vivo portion of this study focused on tissues that constitute the main targets for filoviral infection: liver and lymphoid tissues. We employed the in situ TUNEL assay and TEM to determine whether loss of lymphocytes in filovirus-infected tissues was caused by apoptosis or by necrosis and whether filoviruses induce apoptosis in virus-infected cells, uninfected bystander cells, or both. In addition, we inoculated peripheral blood mononuclear cells (PBMC) and microvascular endothelial cells (HMVEC) with EBO and MBG viruses to evaluate apoptosis in human cells in vitro. This information is needed to further our understanding of filoviral pathogenesis.
Results

Morphological Evidence of Apoptosis in Monkey Tissues
Lymphoid depletion and apoptotic lymphocytes were prominent features in the lymph nodes of monkeys infected with EBO and MBG viruses compared with the uninfected controls (Fig. 1) . Lymphoid depletion affected the centers of B-cell follicles in EBO-Zinfected and MBG-infected monkeys more consistently than in lymph nodes of monkeys infected with EBO-R. There was intense TUNEL-labeling of the peripheral chromatin of some lymphocyte nuclei, imparting a crescentic staining pattern. Other apoptotic lymphocytes had somewhat smaller nuclei that were uniformly labeled. Nuclear debris was also labeled. TUNEL-positive lymphocytes or nuclear debris were most abundant in the subcapsular and medullary sinuses but were also seen within the connective tissue trabeculae, surrounding the high endothelial venules, and in the paracortex. We observed many TUNEL-positive histiocytic cells in these areas. Some of these cells were tingible body macrophages (TBM). Nuclei of some TBM were unlabeled and appeared morphologically normal, whereas nuclei of other TBM were masked by intense labeling of tingible bodies in the cytoplasm. Depleted follicle centers in lymph nodes of EBO-Z-infected monkeys were frequently congested with TBM but contained little free nuclear debris (Fig. 1A) . In contrast, follicle centers in lymph nodes of MBG-infected monkeys contained few TBM, although free nuclear debris was abundant (Fig. 1B) . Also, fewer TBM were present in the trabeculae, medullary sinuses, and subcapsular sinuses of the lymph nodes of MBG-infected animals. The follicles in lymph nodes of EBO-R-infected monkeys showed variable TUNEL labeling. Some follicles had few TBM, and little or no nuclear debris (Fig. 1C) , whereas others were consistent with follicles of EBO-Z-infected monkeys. TUNEL-positive lymphocytes and TBM were infrequently seen in lymph nodes of uninfected control monkeys. These TUNEL-positive cells were widely scattered and usually seen within the centers of follicles or in the paracortex. Many areas of the lymph nodes of uninfected animals were devoid of apoptotic lymphocytes (Fig. 1D) .
TEM of lymph nodes augmented TUNEL findings and provided additional information. Lymphocyte depletion was particularly marked in nodes of all filovirus-infected monkeys when compared with uninfected controls (Table 1) . This depletion was statistically significant in 13 of 18 infected monkeys. Characteristics of apoptotic lymphocytes were compaction of chromatin against the nuclear envelope and condensation of the cytoplasm. Lymphocytes in later stages of apoptosis showed fragmented nuclei and occasional convolution of the nuclear and cell outlines. Some of these cells appeared to break up into numerous membrane-bound bodies that contained various organelles and fragmented nuclei (Fig. 2) . TEM showed that many macrophages had phagocytosed apoptotic bodies and apoptotic debris (Fig. 3) . A number of these macrophages contained characteristic filoviral inclusions (Geisbert and Jahrling, 1995) (Fig. 4) , but there was no fragmentation of macrophage nuclei in any fields surveyed. Some filovirusinfected macrophages appeared morphologically normal (with the exception of filoviral inclusions), whereas others had features consistent with necrosis. Likewise, filovirus-infected dendritic cells (Fig. 5) , fibroblasts, FRC, and endothelial cells appeared structurally normal or were in various stages of necrosis, but apoptosis was not seen in any filovirus-infected cells. Lymphocytes exhibited no evidence of infection by either EBO or MBG viruses.
Stimulation of capillary and small-vessel endothelial cells, evidenced by vacuolation and cytoplasmic projections (Cheville, 1994) , was observed in some fields (Fig. 6 ), but these cells were rarely infected. Activated endothelial cells were often seen in areas containing filovirus-infected macrophages, although some fields with high concentrations of filoviral antigen showed little or no evidence of activated or damaged endothelium (Fig. 7) . Apoptotic lymphocytes and/or apoptotic bodies were sporadically seen within the endothelium of paracortical vessels (Fig. 8) . Apoptotic plasma cells were occasionally observed throughout the cortex and in medullary cords of MBG and EBO-R-infected monkeys and less frequently seen in EBO- Results are mean number (SD) of total lymphocytes (TLM) and mean number (SD) of apoptotic lymphocytes (ALM) counted in 12 electron micrographs (at ϫ 2000) from each animal.
* Values are significantly different from those of control species. p Ͻ 0.01.
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Z-infected animals. Nonviral tubuloreticular inclusions (Grimley et al, 1983; Geisbert et al, 1992) were sometimes seen in endothelial cells and leukocytes of all infected animals and were more frequently seen than filoviral inclusions in endothelial cells. Differences with regard to types or numbers of apoptotic cells among the three species of nonhuman primates were not apparent. Lymph nodes of African green monkeys appeared to have higher numbers of EBO-Z-infected endothelial cells when compared with the Asian macaques, but individual variation was obvious among all species including the African green monkeys. By TEM, there was a clear association between lymphocyte apoptosis and adjacent filoviral antigen. Apoptotic lymphocytes were more frequently seen in fields that contained EBO or MBG virions or virus-infected cells than in fields with no antigen. In many fields, apoptotic lymphocytes were closely apposed to EBO antigen (Fig. 9 ) or MBG antigen (Fig. 10 ). As shown in Figure 11 , by simple linear regression, apoptosis and filoviral infection were significantly related ( p ϭ 0.005, r 2 ϭ 0.55) in nonhuman primates.
Examination of liver sections from the filovirusinfected monkeys showed little evidence of apoptosis. An occasional TUNEL-positive lymphocyte was seen in circulation, and small foci of TUNEL-positive hepatocytes were seen in a few EBO-Z-infected monkeys. TEM showed frequent filoviral infection of hepatocytes ( Fig. 12 ) and Kupffer cells and occasional infection of sinusoidal lining cells, but these cells appeared normal or necrotic rather than apoptotic. Although high background labeling of spleen from filovirus-infected animals precluded evaluation by the TUNEL assay, ultrastructural examination showed extensive necrosis of MPS cells, frequent apoptosis of lymphocytes, and TEM of axillary lymph node from EBO-Z-infected rhesus monkey. EBO inclusion material (*) in cytoplasm of degenerative dendritic cell in T cell area. Note the apoptotic lymphocyte (arrowheads) in field. Bar ϭ 3.5 m.
Apoptosis in Ebola and Marburg Infections
Laboratory Investigation • February 2000 • Volume 80 • Number 2 widespread deposition of fibrin. Filoviral inclusion material was seen in some of the degenerate MPS cells, particularly in the EBO-infected animals. Spleens of EBO-infected monkeys had larger and more frequent deposits of fibrin, larger numbers of free virions, and more necrotic cellular debris than spleens of MBGinfected animals. TEM of uninfected tissues rarely showed lymphocyte apoptosis.
Double-Labeling Experiments
To evaluate the relative contributions of direct or indirect killing in filoviral infections, sections of lymph nodes were analyzed microscopically for filoviral antigen by immunohistochemistry (IHC) and concurrently for apoptosis by TUNEL assay. In all infected regions of lymph nodes, lymphocytes were positive by TEM of inguinal lymph node of MBG-infected cynomolgus monkey. MBG viral inclusion (*) in cytoplasm of macrophage apposed to apoptotic lymphocyte in subcapsular sinus. Bar ϭ 935 nm.
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TUNEL, but negative by IHC. Only macrophages contained both filoviral antigens and fragmented DNA. As described above, TEM confirmed that these macrophages had phagocytosed apoptotic bodies, but macrophage nuclei were morphologically normal (Figs. 3 and 4) . In both EBO and MBG-infected tissues TUNEL-positive lymphoid cells and nuclear debris were most frequently seen in areas that also were IHC-positive for filoviral antigen (Fig. 1, E and F) .
To show the phenotypic distribution of the apoptotic lymphocytes, sections of lymph nodes were concurrently stained for apoptosis by TUNEL assay and expression of CD3 (T-cell), CD20 (B-cell), a plasma cell marker, and human leukocyte antigen L1 protein (a macrophage marker) by IHC. Double labeling showed CD3 ϩ lymphocytes, CD20 ϩ lymphocytes, and plasma cells in lymph nodes of EBO-and MBG-infected monkeys with TUNEL-positive nuclei and demonstrated CD3 ϩ , CD20 ϩ , and plasma cell-positive tingible bodies in macrophages (Figs. 13 and 14, A to F).
Apoptotic CD20
ϩ lymphocytes were less frequently seen than apoptotic CD3 ϩ lymphocytes, particularly in lymph nodes of MBG-infected monkeys. Double labeling for the macrophage marker and apoptosis confirmed that TBM were not undergoing apoptosis, with positive labeling limited to the cytoplasm. Close examination of TBM showed numerous apoptotic bodies within a single macrophage (Fig. 14, C and D) .
Examination of the distribution of cell markers showed depletion of CD20 ϩ cells from germinal centers concomitant with increased numbers of CD3 ϩ cells. B-cell depletion and loss of germinal centers was more striking in EBO-infected monkeys with depletion being most severe in EBO-Z-infected animals. We observed CD3 ϩ or CD20 ϩ tingible bodies in macrophages in germinal centers and throughout the nodes of all filovirus-infected monkeys supporting the observation that CD3 ϩ and CD20 ϩ cells were undergoing apoptosis (Figs. 13 and 14, A to D). Fewer plasma cells were observed in lymph nodes of filovirus-infected monkeys than in uninfected control animals, and there were fewer plasma cells in EBO-Z-infected animals than in other filovirus-infected monkeys. There were increased numbers of macrophages in lymph nodes of all filovirus-infected monkeys. The presence of macrophages in germinal centers was especially marked in EBO-Z-infected animals and was somewhat less evident in EBO-R-and MBGinfected monkeys, respectively. The observed loss of plasma cells and increased presence of macrophages in EBO-Z-infected animals was corroborated by a second IHC procedure employing the Envision System (DAKO, Carpinteria, California) (Figs. 1, G to H, and 14, E to H). Although double-labeling for CD4 and CD8 proved incompatible with pretreatment steps for detecting single-strand breaks, staining for these markers by the Envision System (DAKO) showed increased numbers of CD4 ϩ T cells in germinal centers of all filovirus-infected monkeys. There was an apparent decrease in the overall number of CD4 ϩ cells, and a marked depletion of CD8 ϩ T cells in lymph nodes of EBO-Z-infected animals (data not shown). This depletion of CD8 ϩ T cells was less striking in EBO-R-and MBG-infected monkeys. We observed CD4 ϩ and CD8 ϩ tingible bodies in macrophages of EBO-Zinfected monkeys, suggesting that both CD4 ϩ cells and CD8 ϩ cells were undergoing apoptosis.
Ultrastructural Evaluation of Filovirus-Infected PBMC and HMVEC In Vitro
Ultrastructural examination of PBMC showed higher numbers of apoptotic lymphocytes in EBO-Z-infected cultures at Days 4 and 6 postinfection (PI), and MBGinfected cultures at Day 6 PI, versus uninfected PBMC (Table 2) . Differences in numbers of apoptotic lymphocytes were not apparent between EBO-R-infected cultures and uninfected PBMC. There were filoviral inclusions in monocytes and macrophages of all filovirus-infected cultures, but these were never seen in lymphocytes. More than half of the filovirus-infected monocytes or macrophages contained viral inclusion 
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Figure 14.
Analysis of mesenteric lymph node sections from filovirus-infected monkeys. Examination of apoptosis using a wide-band green filter (A) and double labeling for apoptosis and CD20 (B and D), CD3 (C), or plasma cell marker (E and F) using a dual pass FITC/TRITC filter. In A-F, single-strand breaks are shown in red, cell markers appear green, and areas positive for both apoptosis and the cell marker appear gold. Staining for apoptosis revealed increased numbers of apoptotic cells and/or material in follicles of EBO-Z-infected animals (A). Dual staining showed apoptotic CD20 ϩ cells in EBO-Z-infected monkeys (B). In C and D, examination of TBM from sections double-labeled for CD3 and apoptosis (C) (EBO-R) or CD20 and apoptosis (D) (MBG) showed apoptotic material positive for either CD3 or CD20 in cytoplasm of TBM. Nuclei of TBM in these fields are not labeled for apoptosis. Double labeling showed a decreased number of plasma cells in EBO-R-infected monkey (F) versus uninfected control (E). Also, note plasma cell-positive tingible bodies in macrophages (F). In G-H, IHC for cell markers using the Envision System (DAKO). Cell markers are shown in brown. Plasma cells were less frequently seen in lymph node sections of EBO-Z-infected animal (H) versus uninfected controls (G). Original magnifications: ϫ60 in A and B, ϫ100 in C and D, ϫ40 in E-H.
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Laboratory Investigation • February 2000 • Volume 80 • Number 2 material at Day 6 PI. Apoptosis of monocytes or macrophages was not observed in any PBMC culture. In addition, we did not see any evidence of apoptosis in any HMVEC culture. Numbers of filovirus-infected HMVEC increased from Day 4 PI to Day 6 PI, with more than half of the EBO-Z-and MBG-infected HMVEC containing filoviral inclusions at Day 6 PI. Filoviral inclusions were infrequently seen in HMVEC infected with EBO-R at either time point. With the exception of the intracytoplasmic viral inclusions, infected HMVEC appeared morphologically normal or were necrotic.
Discussion
EBO and MBG hemorrhagic fevers are characterized by lymphopenia, with destruction of lymphoid tissue among the main features of the disease . Destruction and/or depletion of lymphocytes in lymphoid tissue has historically been attributed to necrosis (Geisbert et al, 1992; Jaax et al, 1996) . In this study, lymphocyte death was shown by TEM and TUNEL assay to be induced by apoptosis. Cells undergoing necrosis as a result of the cytopathogenic effect of filoviral replication included cells of the MPS, hepatocytes, fibroblasts, FRC, and endothelial cells, but apoptosis affected only lymphocytes. Apoptosis of lymphocytes is not unique to filoviruses; it has also been reported independent of viral replication in HIV and SIV infections (Finkel et al, 1995) , African swine fever virus infections (Carrasco et al, 1996; Oura et al, 1998) , and porcine reproductive and respiratory syndrome virus infections (Sur et al, 1998) .
In the lymphoid tissues evaluated in this study, we observed an association, in terms of both location and intensity, between lymphocyte apoptosis and filoviral replication in MPS cells or in other cells. Also, we demonstrated apoptosis of lymphocytes in cultures of EBO-Z-and MBG-infected human PBMC. Although filoviral replication was not seen in lymphocytes, the monocyte fraction of PBMC supported and maintained viral growth. These observations suggest that lymphocyte apoptosis may be induced by the release of chemical mediators from virus-infected cells, stimulation with a viral protein, and/or interaction with other cells. Macrophages produce several mediators capable of inducing apoptosis, including TNF-␣, nitric oxide, reactive oxygen species, and IL-1␤ (Kolesnick and Golde, 1994; Martin and Edwards, 1993; Messmer et al, 1994; Tracey and Cerami, 1992) . When stimulated as a result of viral replication or virus-cell interactions, release of these chemical mediators from MPS cells can induce apoptosis in nearby lymphocytes. Also, activated lymphocytes can express Fas and Fas ligand and become sensitive to Fas-mediated apoptosis (Eischen and Leibson, 1997) . Kayagaki et al (1999) reported that type I IFN enhance TNF-related apoptosis-inducing ligand (TRAIL) expression on human T cells, making them susceptible to TRAILinduced apoptosis. Our data suggest that a similar mechanism may be involved in filoviral infections. Tubuloreticular inclusions were demonstrated in endothelial cells and leukocytes of filovirus-infected monkey tissues. These inclusions have been associated with production of IFN-␣ (Geisbert et al, 1992; Grimley et al, 1983) . Furthermore, we detected increased levels of IFN-␣ in terminal sera of EBOinfected monkeys (PB Jahrling, unpublished observation). Other recent studies suggest that cytokines may play an important role in filoviral disease. Elevated cytokine levels were shown in acute sera of patients infected with EBO-Z in former Zaire (Villinger et al, 1999) as well as from filovirus-infected monkeys (Ignat'ev et al, 1996) .
Apoptosis of lymphocytes in filovirus-infected tissues could be mediated by stimulation with a structural or virus-induced protein. Studies of HIV-infected monocytes suggested that interaction of CD4 with expressed gp120 in conjunction with other cell surface proteins may predispose cells to undergo apoptosis in the absence of viral infection (Coito and Bomsel, 1999) . Although lymphocytes were nonpermissive to filoviral infection, interactions with viral glycoproteins and cell surface molecules have not been evaluated. The release of viral glycoproteins in non-virion form resulting from cell lysis, proteolytic cleavage, or shedding of non-membrane associated subunits is reported for other viruses (Little and Huang, 1978; Veronese et al, 1985) . Volchkov (1999) recently reported that during EBO infection a nonstructural soluble glycoprotein plus several forms of glycoprotein are secreted from the surface of productively infected cells. Thus, these EBO viral proteins may act on neighboring cells that have not been infected. Alternatively, this function may be accomplished by direct external attachment of whole filoviral particles to the cell without penetration or ensuing viral infection.
Consistent with a previous report (Davis et al, 1997) , FRC and dendritic cells were targets of infection by filoviruses in our study. The importance of the FRC conduit network in regulating lymphocyte migration and promoting lymphocyte viability was addressed in a number of recent reviews (Gretz et al, 1996; Rosenberg et al, 1998) . This network consists of reticular fibers, related extracellular matrix components, and associated FRC. The network provides a threedimensional scaffold for attachment of antigen- Results are the number of total lymphocytes (TL) and the number of apoptotic lymphocytes (AL) counted in 30 TEM fields (at ϫ 2000) from each PBMC culture.
PI, postinfection.
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presenting cells and pathways for migration of T cells to these cells. Migrating lymphocytes encounter dendritic cells and macrophages localized along the fibers. Dendritic cells provide nonspecific signals that promote lymphocyte proliferation and viability (Tew et al, 1997) . Grosjean et al (1997) reported that infection of 10 human dendritic cells with measles virus blocked the stimulatory function of 10 4 uninfected dendritic cells. Follicular dendritic cells were also shown to inhibit programmed cell death. Apoptosis of B cells in germinal centers was prevented by a rapid inactivation of pre-existing endonuclease (Lindhout et al, 1995) . Carroll (1998) reported that blockade of contact between B cells and complement C3d-decorated follicular dendritic cells interferes with the survival signal delivered by the dendritic cells via CD21. Furthermore, dendritic cells express B7 molecules (Lu et al, 1997) . Direct ligation of CD28, expressed on T cells, by B7 concomitant with anti-Fas challenge protects T cells from apoptosis (Walker et al, 1998) . In this study we found an association between filoviral infection of FRC and dendritic cells and apoptosis of nearby lymphocytes. It is conceivable that loss and/or dysfunction of FRC and dendritic cells caused by viral infection may result in lymphocyte apoptosis.
Additional factors may contribute to the depletion of CD8 ϩ cells and plasma cells observed in lymph nodes of EBO-Z-infected monkeys. Migration of CD8 ϩ T cells and plasma cell precursors into other tissues may account for some of this depletion. Recent studies suggested that CD4 ϩ T cell interactions with B cells via the Fas ligand may predispose B cells to undergo apoptosis through the Fas pathway (Schattner and Friedman, 1996) . The increased number of CD4 ϩ T cells and apoptotic cells seen in germinal centers of filovirus-infected monkeys suggests that Fas ligand interaction may not only be important for the observed plasma cell apoptosis, but may also be involved in germinal center disruption. Finally, a report demonstrating selective depletion of CD8 ϩ T cells by cross-linking of the cell surface ganglioside GM1 (Nahar et al, 1996) raises the possibility of selective apoptosis of individual cell phenotypes through this or similar mechanisms.
It is intriguing that, while apoptotic lymphocytes were commonly seen in filovirus-infected tissues and cultures of human PBMC, apoptosis was not seen in filovirus-infected cells. These observations raise questions regarding the causes and implications of a productive infection that does not induce apoptosis. Viral gene products that inhibit cellular apoptosis have been identified for several other viruses. Specifically, Epstein-Barr virus encodes LMP1, a protein that induces bcl-2, which in turn inhibits apoptosis (Henderson et al, 1991) ; adenovirus encodes E1B, a protein that inhibits E1A-induced apoptosis (Debbas and White, 1993) ; and African swine fever virus encodes p21, a bcl-2 homologous protein (Afonso et al, 1996) . It is likely that filoviruses encode proteins or mediators that inhibit apoptosis of their host cells. Obviously, this strategy would provide a selective advantage to the virus, as any such genes may promote survival of infected cells resulting in a more productive infection. Moreover, Griffith et al (1999) showed that stimulation of monocytes by IFNs caused a loss of TRAIL receptor 2 expression and a concomitant resistance to TRAILmediated apoptosis. As addressed above, increased terminal levels of IFN-␣ are associated with filoviral infections of nonhuman primates. IFN-␥ release in plasma was recently found to be associated with fatal human EBO infections (Baize et al, 1999) .
Although we observed significant levels of apoptosis in lymphocytes, our failure to detect apoptotic endothelial cells raises questions concerning the role of the endothelial cell in filoviral disease. A number of studies associate the hemorrhagic pathology and endothelial cell involvement reported in EBO and MBG infections with direct viral infection of endothelial cells. Yang et al (1998) suggested that EBO infection of endothelial cells may cause the hemorrhagic diapedesis in guinea pigs. Studies showing infection of endothelial cells by MBG and EBO viruses in vitro (Geisbert and Jaax, 1998; Schnittler et al, 1993) and filovirusinfected endothelial cells in postmortem tissues from humans and nonhuman primates (Baskerville et al, 1985; Davis et al, 1997; Geisbert et al, 1992; Jaax et al, 1996; Zaki and Goldsmith, 1999) have been used to support these views. More recent studies employing serially collected rodent and monkey tissues show that endothelial cell infection is, in fact, primarily associated with later stages of infection (Connolly et al, 1999; Ryabchikova et al, 1999) . As shown in this and other studies (Geisbert et al, 1992; Jaax et al, 1996; Davis et al, 1997) , the magnitude of endothelial cell infection differs among primate species and individual animals. Many TEM fields in filovirus-infected tissues show endothelial damage with no evidence of direct endothelial cell infection. In tissues of the one fatal human case of MBG hemorrhagic fever we examined, we did not see any endothelial cell infection (Geisbert and Jaax, 1998) . Clearly, endothelial cell disruption, as shown in Figure 6 , is not the direct result of filoviral infection. Rather, an indirect mechanism such as an aberrant cytokine profile may be responsible for the hemorrhagic pathology. Vascular changes observed in filoviral hemorrhagic fever have been related to the virus-induced release of cytokines by MPS cells (Feldmann et al, 1996) . Our data support the premise that disruption of endothelium is due to a number of factors including release of various chemical mediators from filovirus-infected cells and, to a lesser degree, cytolysis caused by viral infection. Regardless of the cause of disruption, endothelial cell activation may contribute to the pathogenic processes of filoviral disease. Fehsel et al (1996) showed that activated endothelial cells produced high concentrations of nitric oxide, which, in turn, triggered apoptosis of thymocytes. It is likely that activation of endothelial cells contributed to the observed apoptosis of lymphocytes in tissues of these monkeys.
Although TUNEL and other assays that detect DNA strand breaks are convenient for rapidly screening samples, this study clearly showed the limitations of TUNEL. Precise localization of TUNEL-positive signals can be difficult. Macrophages that had phagocytosed apoptotic bodies and debris were seen as TUNELpositive cells, but TEM definitively showed that macrophage nuclei were not fragmented. Also, detection of DNA strand breaks in necrotic cells confused interpretation. There were TUNEL-positive hepatocytes in a few animals, and spleens of most monkeys showed high background labeling that confounded interpretation. TEM showed that hepatocytes were actually undergoing necrosis related to the viral infection rather than apoptosis. While apoptotic lymphocytes and products of apoptosis were abundant in monkey spleens, the numbers did not correspond with the overwhelming TUNEL signal. It is likely that massive necrosis of MPS cells, and possibly large fibrin deposits, contributed to the overwhelming TUNEL signal. These findings show that results obtained from assays based on detection of DNA strand breaks should be interpreted with caution, and significant findings should always be corroborated by ultrastructural analysis.
This paper provides the first morphological evidence of apoptosis in tissues of monkeys experimentally infected with filoviruses. Apoptotic lymphocytes were more frequently seen in diffuse lymphoid tissue than in follicles of filovirus-infected animals. The abundance of TUNEL-positive macrophages in lymphocyte-depleted B-cell follicles and germinal centers of EBO-infected animals suggests that substantial lymphocyte apoptosis preceded macrophage infiltration. In contrast, in MBGinfected monkeys, minimal infiltration of macrophages in these areas indicates a different course or severity of infection. It is not known what role lymphocyte apoptosis plays in human filoviral disease, but recent studies (Baize et al, 1999) suggest that it may be consistent with nonhuman primate models shown in this study. While the extent of lymphocyte apoptosis in EBO-Z and MBGinfected PBMC was similar, for EBO-R-infected PBMC, there were clearly fewer apoptotic lymphocytes. We are uncertain whether the reduced number that we observed was caused by differences in the release of soluble factors from infected cells, activation of infected cells, antigen processing and presentation, or interactions of virions or viral proteins with lymphocytes. It should also be noted that EBO-R has not been associated with fatal infection in humans .
Although definitive evaluation of the progression of apoptotic events in a model of lethal infection will require sequential killing of nonhuman primates, TEM of PBMC collected at various time points during EBO infection of cynomolgus monkeys showed an increase in lymphocyte apoptosis as early as Day 3 PI. (TW Geisbert, unpublished observation) . Future studies will evaluate the sequence of apoptotic events in filovirusinfected animals and investigate the causes and effects of apoptosis in filoviral disease. The therapeutic implications of our findings are that pharmacologic intervention in EBO and MBG infections may require a two-pronged approach, with one agent designed to inhibit filoviral replication and a second agent designed to prevent apoptosis of bystander lymphocytes.
Materials and Methods
Cells and Viruses
PBMC were separated from heparinized peripheral blood collected from healthy donors by centrifugation on Histopaque (Sigma Chemical, St. Louis, Missouri) at 250 ϫ g for 30 minutes. Cells at the interface were harvested and used as PBMC. After washing with RPMI 1640 medium, the cells were cultured in RPMI supplemented with 5% heat-inactivated human serum. Normal HMVEC were obtained from Clonetics, Inc. (San Diego, California) , and maintained in endothelial cell growth medium (EGM; Clonetics), which was supplemented with human recombinant epidermal growth factor, hydrocortisone, fetal bovine serum, gentamicin, and bovine brain extract (Clonetics). HM-VEC were maintained according to the supplier's recommendations. Viability for PBMC and HMVEC was estimated by the trypan-blue exclusion procedure and was greater than 99% in all preparations. Experimental infection conditions consisted of maintenance of 2.5 ϫ 10 6 PBMC and 2.5 ϫ 10 5 HMVEC in segregated cultures. Cells were infected at an m.o.i of 1.0 with EBO-Z virus isolated from a human patient in 1976 (Johnson et al, 1977) , EBO-R virus isolated from a nonhuman primate in 1989 , or MBG (strain Musoke) virus isolated from a human patient in 1980 (Smith et al, 1982) . PBMC were incubated in the presence of infectious virus for 3 hours at 37°C, washed with RPMI, and replated in fresh medium. RPMI supplemented with 5% human serum from healthy donors was added, and incubation proceeded for the appropriate time at 37°C. After adsorption with virus for 1 hour at 37°C, HMVEC were washed twice with PBS, re-fed with fresh EGM, and incubated at 37°C as described for PBMC.
In Vivo Infections
Primates, which served as virus-infected controls in previous studies, were evaluated retrospectively to conserve primate resources Jahrling et al, 1996; Jahrling et al, 1999) . Twenty-two nonhuman primates were employed for this study: five cynomolgus monkeys (Macaca fascicularis), three rhesus monkeys (Macaca mulatta), and four African green monkeys (Cercopithecus aethiops) inoculated im with 10 3.0 pfu of EBO-Z virus, two cynomolgus monkeys inoculated im with 10 5.0 pfu of EBO-R virus, and four cynomolgus monkeys inoculated im with 10 3.0 pfu of MBG virus. All monkeys were killed in extremis between Days 6 and 15 PI. The four remaining monkeys (one cynomolgus, two rhesus, one African green) were uninfected controls.
Light and Electron Microscopy
Portions of liver; spleen; and mesenteric, axillary, and inguinal lymph nodes were immersion-fixed in 10% neutral buffered formalin and embedded in paraffin. For TEM, additional portions of these tissues were immersion-fixed in 2% glutaraldehyde in 0.1 M Mil-lonig's phosphate buffer (pH 7.4). Also, PBMC and HUVEC were processed for TEM as previously described for cultured cells (Geisbert and Jahrling, 1995) . Briefly, tissues and cultured cells were postfixed in 1% osmium tetroxide, rinsed, treated with 0.5% uranyl acetate in ethanol, dehydrated in ethanol and propylene oxide, and embedded in Poly/Bed 812 resin (Polysciences, Warrington, Pennsylvania). Areas to be evaluated by TEM were selected from 1-m sections stained with toluidine blue. Ultrathin sections were cut, placed on 200-mesh copper TEM grids, stained with uranyl acetate and lead citrate, and examined with a JEOL 1200 EX transmission electron microscope (JEOL, Peabody, Massachusetts).
In Situ TUNEL Staining
Replicate sections (5 m) were floated on diethyl pyrocarbonate-treated water (Sigma), collected on Superfrost/plus slides (Fisher Scientific, Pittsburgh, Pennsylvania), and air dried. Sections were deparaffinized and rehydrated through graded alcohols to diethyl pyrocarbonate-treated water. Sections were stained for apoptosis with the in situ cell death detection kit (Roche, Indianapolis, Indiana) according to manufacturer's recommendations with minor modifications. Briefly, sections were treated with 10 g/ml of proteinase K in PBS for 30 minutes at 37°C, washed with PBS, treated with 50 l of the TUNEL reaction mixture, and incubated under a coverslip in a humidified chamber for 1 hour at 37°C. The reaction was stopped by washing slides in 0.1% Triton plus 0.1% BSA in TBS for 15 minutes at room temperature. Sections were then incubated with the antifluorescein-alkaline phosphatase conjugate (Roche) diluted 1:3 in 100 mM Tris-HCl, 150 mM NaCl (pH 7.5), and 1% blocking agent for 30 minutes at 37°C. After washing in TBS, sections were stained by incubation with a chromogenic substrate 5 bromo-4-chlor-3-inolyl phosphate (X-phosphate/BCIP) and nitro blue tetrazolium salt at 37°C and counterstained with nuclear fast red.
Immunohistochemistry: Detection of Viral Antigen
Double-labeling experiments using TUNEL and IHC were conducted to determine whether filovirusinfected cells were undergoing apoptosis and to correlate the distribution of viral antigen with apoptotic cells. Sections were stained for apoptosis by the TUNEL assay (Roche) as described above and subsequently stained for viral antigen by the peroxidase Envision System (DAKO) as directed by the manufacturer with minor modifications. Briefly, TUNEL-treated sections were rinsed in PBS, treated with peroxidase block for 5 minutes at room temperature, rinsed in PBS, and incubated with normal goat serum for 20 minutes at room temperature. Serum was removed and sections were incubated with a mixture of mouse anti-EBO virus ascitic fluid , or an isotype-identical mouse anti-MBG virus ascitic fluid , diluted in antigen diluent with background-reducing components (DAKO) for 30 minutes at room temperature. Next, sections were incubated in the peroxidase-labeled secondary antibody for 30 minutes. After rinsing in PBS, sections were treated with substrate-chromagen solution for 8 minutes at room temperature, rinsed in distilled water, and rinsed in PBS. Sections were subsequently counterstained with nuclear fast red.
Immunohistochemistry: Detection of Cell Markers
To facilitate detection of cell markers in conjunction with single-strand DNA breaks, an IHC assay was employed using rhodamine for detection of apoptosis and FITC or alexa 488 (Molecular Probes, Eugene, Oregon) for detection of cell markers. Sections were stained for apoptosis using the ApopTag assay (Intergen, Purchase, New York) as directed by the manufacturer. Sections were treated with 20 g/ml of proteinase K for 30 minutes at 37°C, washed in PBS, and placed in an equilibration buffer for 5 to 10 minutes. Excess equilibration buffer was removed, and sections were treated with reaction buffer containing deoxynucleotidyl transferase mediated enzyme for 1 hour at 37°C. Sections were rinsed and incubated for 10 minutes at room temperature in the stop solution and washed in PBS. Anti-digoxigeninrhodamine was diluted in blocking buffer and incubated with the sections for 30 minutes at 37°C. Sections were rinsed in PBS and incubated in normal goat serum for 20 minutes at room temperature. Serum was removed and sections were incubated with a pan T cell marker, CD3 (DAKO); a pan B cell marker, CD20 (DAKO); a plasma cell marker, NCL-PC (Novacastra); or a macrophage marker, Mac387 (Novacastra) for 1 hour at 37°C, and rinsed in PBS. Sections stained with CD3 were treated with goat anti-rabbit alexa 488 (Molecular Probes) for 30 minutes at 37°C. Sections stained with CD20 or NCL-PC were incubated in goat anti-rabbit FITC (Sigma) for 30 minutes at 37°C. Sections were rinsed in PBS, mounted in an aqueous mounting medium, and examined using an Olympus BX fluorescence microscope (Olympus Optical, Lake Success, New York). Staining for apoptosis was visualized with a wide-band green filter, cell markers with a blue-band filter, and double labeling using a dual-pass FITC/TRITC filter.
To further assess the distribution of macrophages and plasma cells, sections of lymph nodes were pretreated with 20 g/ml of proteinase K for 30 minutes at 37°C, rinsed in PBS, and labeled using either NCL-PC (Novacastra) or Mac387 (Novacastra) in conjunction with the peroxidase Envision System (DAKO) according to manufacturer's directions. Sections were counterstained with hematoxylin. The Envision System (DAKO) was also used for cell markers that proved incompatible with the proteinase K pretreatment required for the TUNEL assay. Sections were stained with a CD4-specific antibody (clone 1F6) (Novacastra) or a CD8-specific antibody (clone C8/ 144B) (DAKO). Sections for CD8 detection were pretreated in citrate buffer (pH 6.0) at 94°C for 30 minutes. Sections for CD4 staining were microwaved in 1.0 mM EDTA (pH 8.0). After pretreatment, sections were rinsed in distilled water and PBS and incubated with peroxidase block at room temperature for 5 minutes. Sections were rinsed in PBS and treated with normal goat serum for 20 minutes at room temperature. Serum was removed and sections were incubated with the CD8 antibody diluted in antigen diluent with background-reducing components (DAKO) for 30 minutes at room temperature. Sections were rinsed in PBS and treated with substrate-chromagen solution for 8 minutes at room temperature, rinsed in distilled water, rinsed in PBS, and counterstained with hematoxylin.
Morphometrical and Statistical Analysis
From each animal, three lymph nodes (composite of axillary, inguinal, and mesenteric) were employed to evaluate and count cells. Areas of cortex were selected from 1-m sections as described above. The mean number of total lymphocytes and the mean number of apoptotic lymphocytes were determined by counting the normal and apoptotic cells in 12 comparable electron micrographs at a magnification of ϫ2000. Statistical analysis of parameters was performed using the StatView software package (Abacus Concepts, Berkeley, California). Means, standard deviations, and standard errors were calculated. Means were compared by using the nonparametric MannWhitney U test (Mann and Whitney, 1947) . For each monkey, the number of fields containing filoviral antigen (virions or cells with viral inclusion material) and apoptotic cells was tabulated and correlated by simple linear regression. For PBMC, the total number of lymphocytes and the number of apoptotic lymphocytes were determined by counting the normal and apoptotic cells in 30 comparable TEM fields at a magnification of ϫ2000.
